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In the conventional misalignment mechanism, the axion field has a constant initial field value in
the early universe and later begins to oscillate. We present an alternative scenario where the axion
field has a nonzero initial velocity, allowing an axion decay constant much below the conventional
prediction from axion dark matter. This axion velocity can be generated from explicit breaking of
the axion shift symmetry in the early universe, which may occur as this symmetry is approximate.
Introduction.—Why is CP violation so suppressed
in the strong interaction [1–3] while near maximal in the
weak interaction? The Peccei-Quinn mechanism [4, 5]
provides a simple and elegant answer: the angular pa-
rameter describing CP violation in the strong interaction
is actually a field resulting from spontaneous symmetry
breaking, θ(x). A potential V (θ) arises from the strong
interaction and has CP conserving minima, as shown in
Fig. 1. Axions are fluctuations in this field [6, 7] and
the mass of the axion is powerfully constrained by par-
ticle and astrophysics, ma < 60 meV; equivalently, there
is a lower bound on the PQ symmetry breaking scale
fa = 10
8 GeV (60 meV/ma) [8–14].
In the early universe, if the initial value of the field, θi,
is away from the minima, the axion field starts to oscil-
late at a temperature T∗ when ma ∼ 3H, where H is the
Hubble expansion rate. These oscillations, illustrated in
the upper diagram of Fig. 1, can account for the observed
dark matter [15–17]. For θi not accidentally close to the
bottom nor the hilltop of the potential, this “misalign-
ment” mechanism predicts an axion mass of order 10 µeV
and tends to underproduce for heavier masses.
In this paper we show that an alternative initial con-
dition for the axion field, θ˙ 6= 0, leads to axion dark
matter for larger values of ma. This “kinetic misalign-
ment” mechanism is operative if the axion kinetic energy
is larger than the potential energy at temperature T∗, de-
laying the onset of axion field oscillations, as shown in the
lower diagram of Fig. 1. We begin with an elaboration of
the basic mechanism. We then show that a sufficient θ˙
can arise at early times from explicit breaking of the PQ
symmetry by a higher dimensional operator in the same
manner as the Affleck-Dine mechanism, which generates
rotations of complex scalar fields [18, 19].
The PQ symmetry is an approximate symmetry which
is explicitly broken by the strong interaction. It is con-
ceivable that higher dimensional operators also explic-
itly break the PQ symmetry. Although they should be
negligible in the vacuum in order not to shift the ax-
ion minimum from the CP conserving one, they can be
effective in the early universe if the PQ symmetry break-
ing field takes a large initial value. Higher dimensional
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FIG. 1. The schematics of the (kinetic) misalignment mech-
anism. Initial conditions are labeled, shadings from light to
dark indicate the time sequence of the motion, and arrows
with different relative lengths denote instantaneous velocities.
PQ-breaking operators are in fact expected if one tries to
understand the PQ symmetry as an accidental symmetry
arising from some exact symmetries [20–23]. The kinetic
misalignment mechanism is therefore a phenomenologi-
cal prediction intrinsically tied to the theoretical origin
of the PQ symmetry.
The mechanism allows for axion dark matter with a
mass above the prediction of the standard misalignment
mechanism. This mass scale ma = O(0.1-100) meV is un-
der extensive experimental investigation [24–38]. Other
known production mechanisms in this mass range are
1) parametric resonance from a PQ symmetry breaking
field [39, 40], 2) anharmonicity effects [41–43] when θi
approaches pi due to fine-tuning or inflationary dynam-
ics [44, 45], 3) decays of unstable domain walls [46–50],
and 4) production during a kination era [51]. Contrary
to these mechanisms, kinetic misalignment offers an ex-
citing theoretical connection with the baryon asymmetry
of the Universe through so-called axiogenesis [52].
Kinetic misalignment mechanism.—We estimate
the dark matter abundance for a generic axion-like field
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2with decay constant fφ, φ = fφθ, when θ˙ 6= 0. Without
loss of generality we take θ˙ > 0. It is convenient to ex-
press the rotation by the dimensionless quantity θ˙f2φ/s
where s is the entropy density. Since both s and θ˙ de-
crease in proportion to R−3 with R the scale factor of
the Universe, θ˙f2φ/s remains constant.
In fact, θ˙f2φ is the Noether charge associated with the
shift symmetry φ → φ + αfφ and hence should decrease
in proportion to R−3. We thus call it a charge density
nθ and the dimensionless quantity as a yield Yθ.
nθ ≡ θ˙f2φ, Yθ ≡
nθ
s
. (1)
We will eventually consider the case where the axion
originates from a phase direction of a complex scalar field
P whose vacuum expectation value spontaneously breaks
a U(1) global symmetry,
P ≡ 1√
2
(S + fφ) e
i φfφ , (2)
where S and φ are the radial and angular (axion) modes
respectively. However, the kinetic misalignment mech-
anism can be understood without referring to P . The
nonzero axion velocity corresponds to a rotation of P .
We assume the potential of the axion is of the form
V = mφ(T )
2f2φ
(
1− cos φ
fφ
)
, (3)
where the axion mass mφ(T ) may depend on temperature
T . If Yθ is sufficiently small, axion field oscillations begin
at T∗ where mφ(T∗) = 3H(T∗), yielding the conventional
misalignment mechanism. Our key point is that such
oscillations at T∗ are prevented if the kinetic energy is
larger than the potential energy, which occurs if
Yθ > Ycrit ∼
f2φ
MPlT∗
. (4)
In this case, kinetic misalignment occurs and the axion
oscillates from the hilltop of the potential only when the
kinetic energy φ˙2/2 later becomes comparable to the po-
tential barrier 2m2φ(T )f
2
φ. At this point, the axion num-
ber density is
nφ ' 2mφ(T )f2φ ' θ˙f2φ = nθ. (5)
If the axion mass changes adiabatically, the number
density is conserved. Thus, the energy density of the
axion oscillation ρφ normalized by the entropy density is
ρφ
s
= Cmφ(0)Yθ. (6)
Here C denotes a deviation from our analytical esti-
mation, and we find C ' 2 by numerical computa-
tions. Note that the axion abundance only depends on
Yθ and the mass of the axion in the vacuum, and is in-
dependent of the evolution of the axion mass. Sufficient
axion dark matter results from kinetic misalignment if
mφ(0)f
2
φ < TeT∗MPl, where Te is the temperature of
matter-radiation equality.
Here in estimating Ycrit for the QCD axion, a, we take
ma ∝ T−4 for T > ΛQCD from the dilute instanton gas
approximation (also see the lattice results in [53–57]),
Ycrit = 0.03
(
fa
109 GeV
) 13
6
. (7)
For Yθ  Ycrit the axion abundance is
Ωah
2 ' ΩDMh2
(
109 GeV
fa
)(
Yθ
40
)
, (8)
which is independent of the axion mass evolution. For
fa & 5× 1011 GeV, Eq. (8) cannot yield axion dark mat-
ter, since Eq. (7) then gives Yθ < Ycrit and the usual
misalignment mechanism results. However, kinetic mis-
alignment can give the observed dark matter for any
fa . 5× 1011 GeV.
Rotation from higher dimensional operators.—
Assuming that the potential of |P | is sufficiently flat, a
large field value may arise during inflation as an initial
condition, by quantum fluctuations, or due to a nega-
tive Hubble-induced mass. For large enough initial field
value |Pi|, the explicit breaking of the global symmetry
by higher dimensional operators may become important.
Such operators give a potential gradient to the angular
direction of P and drive angular motion. By the cosmic
expansion, the field value |P | decreases and the higher
dimensional operator becomes ineffective. The angular
direction then has a flat potential and P rotates about
the origin. This dynamics is the same as that in Affleck-
Dine baryogenesis [18, 19] with supersymmetric partners
of quarks and leptons.
The rotation is understood as a state with an asym-
metry of the global charge. The density of the Noether
charge associated with the symmetry P → eiαP is
nθ = iP P˙
∗ − iP ∗P˙ , (9)
which is nonzero for a rotating P and reduces to Eq. (1)
when |P | is relaxed to fφ/
√
2.
At the onset of the rotation, the asymmetry is
nθ = 
V (Pi)
mS(Pi)
,  . 1, (10)
where , defined by this equation, parametrizes how close
the trajectory is to a circular motion, which maximizes
the asymmetry for a fixed energy. The size of  is deter-
mined by the potential gradient of the angular direction
relative to that of the radial direction.
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FIG. 2. The parameter space of the QCD axion decay con-
stant fa (or mass ma) and the saxion vacuum mass mS com-
patible with the observed dark matter abundance. The blue
line excludes high mS for the quartic potential. Applicable to
both quartic and quadratic potentials, the gray region is ruled
out for a maximal thermalization rate, while the constraint is
the gray dashed line for thermalization via gluons only.
Model with Quartic Potential.—We first demon-
strate kinetic misalignment with the quartic potential for
the global symmetry breaking field P ,
V = λ2
(
|P |2 − f
2
φ
2
)2
, λ2 =
1
2
m2S
f2φ
, (11)
where mS is the vacuum mass of the radial degree of
freedom S. Simply following the terminology in super-
symmetric theories, we call S the saxion even without
evoking supersymmetry. For small λ, the saxion has a
flat potential and may obtain a large field value during
inflation. At an initial field value |Pi| = Si/
√
2, the sax-
ion mass is
√
3λSi. The saxion begins to oscillate when
the mass exceeds 3H. Assuming radiation domination,
the temperature at which this occurs is
Tosc ' 2× 1012 GeV
(
Si
1017 GeV
) 1
2
(
λ
10−10
) 1
2
. (12)
When the oscillation starts, the asymmetry given in
Eq. (10) is nθ = λS
3
i /(4
√
3), corresponding to the yield
Yθ ≡ nθ
s
' 40 
(
Si
1017 GeV
) 3
2
(
10−10
λ
) 1
2
, (13)
which remains constant unless entropy is later injected.
As a result of the quartic term, the energy density of
the rotation redshifts as R−4 when S  fφ so the radius
S ∝ R−1. When S ' fφ, the quadratic term becomes im-
portant and radial mode’s energy density begins to red-
shift as R−3. We assume that P is thermalized to avoid
overclosure. As shown in [52], even after thermalization,
P continues to rotate because it is energetically favorable
to keep the charge asymmetry in the form of the rotation
rather than that of particle thermal excitations. At ther-
malization, an elliptical trajectory is transformed into a
circular one and the charge density nθ stays conserved up
to cosmic expansion. From charge conservation and the
scaling of P , one finds that angular mode’s energy density
ρθ = n
2
θ/S
2 decreases as R−4 (R−6) for S  fφ (S ' fφ).
The angular mode does not dominate the energy density
since ρθ never redshifts slower than radiation.
The radius S eventually settles to fφ, and the ax-
ion rapidly moves along the bottom of the potential in
Eq (11). The kinetic misalignment mechanism deter-
mines the axion abundance if Yθ > Ycrit.
We now focus on the QCD axion and discuss if a suf-
ficient amount of QCD axion dark matter is produced.
The available parameter space is summarized in Fig. 2,
where various constraints are discussed in this and next
sections. The red region is unphysical as the large sax-
ion mass violates unitarity of the self interaction, while
the purple region is excluded since the duration of the
neutrino emission in a supernova core is altered by the
emission of axions [8–14] or saxions [58]. In the orange re-
gion, the conventional misalignment mechanism instead
is operative since Yθ < Ycrit from Eqs. (7) and (8). The
axion abundance is enhanced for larger Si, but Si cannot
exceed the Planck scale, giving an upper bound on fa
based on Eqs. (8) and (13)
fa . 109 GeV 2
(
TeV
mS
)
, (14)
corresponding to the blue line in Fig. 2 for  = 1 and gets
stronger if dilution due to entropy production is present.
Ensuring successful thermalization of P further con-
strains the parameter space. Thermalization occurs when
the temperature is still above the mass because mS(T )/T
is a constant and initially mS(Tosc)  Tosc based on
Eq. (12). Therefore, thermal dissipation plays an impor-
tant role for thermalization [59–63], rather than a decay
in the vacuum. The trajectory of P becomes circular
upon thermalization and we derive a consistency condi-
tion accordingly. The dissipation rate by gluon scatter-
ings is given by [62]
Γ = b
T 3
f2eff
, b ' 10−5, (15)
where feff ≡
√
2|P | after thermalization and is larger
than fa at high temperatures. Due to the scaling of
Eq. (15), the thermalization rate relative to the Hubble
scale is maximized when feff reaches fa, implying a mini-
mum temperature Tmin at feff ' fa and thus a maximum
yield Y maxθ = mSf
2
a/s(Tmin). Demanding that Y
max
θ is
sufficient for dark matter in Eq. (8) gives an upper bound
fa . 109 GeV
( mS
TeV
) 1
5
(
b
10−5
) 3
5
, (16)
4which corresponds to the segment of the gray dashed line
with a positive slope in Fig. 2. The constraint gets more
stringent if entropy is injected after thermalization. To
achieve Y maxθ ,  is implicitly assumed to be large enough
and the lower bound on  follows from Eq. (14).
We next consider dissipation by a Yukawa coupling
yPψψ¯. The dissipation rate is [62]
Γ ' 0.1 y2 T, (17)
where it is assumed that mψ(T ) ' yfeff(T ) < T . The
maximal possible thermalization rate is then 0.1T 3/f2eff .
A sufficient yield for dark matter gives the same bound
as Eq. (16) but with b = 0.1. This constraint is shown
in Fig. 2 by the gray region above the positively-sloped
boundary. A wide range of fa . 1011 GeV is possible
between such gray lines and the blue line from Eq. (14).
A sufficient amount of QCD axion dark matter requires
thatmS and hence the quartic coupling are small; namely
the potential of P is flat. This is because a late start of
the oscillation of P enhances the charge to entropy ratio.
Supersymmetric models.—The kinetic misalign-
ment mechanism benefits from supersymmetry, where
symmetry breaking fields naturally have flat potentials.
We consider the case where the saxion has a nearly
quadratic potential with a typical mass mS . This is the
case for 1) a model with global symmetry breaking by
dimensional transmutation due to the renormalization
group running of the soft mass [64],
V = m2S |P |2
(
ln
2|P |2
f2φ
− 1
)
, (18)
2) a two-field model with soft masses,
W = X
(
PP¯ − V 2P
)
, Vsoft = m
2
P |P |2 +m2P¯ |P¯ |2, (19)
where X is a chiral multiplet whose F -term fixes the
global symmetry breaking fields P and P¯ along the mod-
uli space PP¯ = V 2P , and 3) global symmetry breaking by
quantum corrections in gauge mediation [65–67].
For a nearly quadratic potential, the rotation of P can
occur in the same manner as the rotation of scalars in
Affleck-Dine baryogenesis [18, 19]. In the early universe
P may obtain a negative mass term by a Planck scale-
suppressed coupling to the total energy density,
V = −cHH2|P |2, (20)
where H is the Hubble scale and cH is an O(1) constant.
For H > mS , the saxion is driven to a large field value.
We consider explicit global symmetry breaking by a
higher dimensional superpotential,
W =
Pn+1
Mn−2
. (21)
The F -term potential from Eq. (21) stabilizes the saxion
S ≡ √2|P | against the negative Hubble induced mass.
The saxion tracks the minimum of the potential [19, 68]
S(H) ' (H2M2n−4) 12n−2 . (22)
Once H drops below mS , the saxion begins to oscillate.
Meanwhile, the supersymmetry breaking A-term poten-
tial associated with Eq. (21)
V ' (n+ 1)A P
n+1
Mn−2
+ h.c., (23)
breaks the global symmetry explicitly, inducing the rota-
tion of the symmetry breaking field. Here A is of order
the gravitino mass in gravity mediation. According to
Eq. (10), the asymmetry at the onset of the rotation is
nθ ' A S(mS)2, (24)
if the initial phase is not accidentally aligned with the
minimum. At a large field value, the saxion mass tends
to be dominated by the gravity mediated one, so mS =
O(A) and nθ is of order ρP /mS . The charge density nor-
malized by the energy density of the saxion remains con-
stant despite the cosmic expansion. (For M = O(MPl)
and A = O(TeV), a shift to the CP violating phase of
the strong interaction from the explicit PQ symmetry
breaking is smaller than the experimental upper bound
if n > 7− 9 for fa = 109 − 1012 GeV.)
The energy density of P redshifts as R−3 and, due to
the large initial saxion field value, tends to dominate the
energy density of the Universe, which we assume when
deriving the following expressions. The case without the
domination has a smaller allowed range of (mS , fφ) be-
cause of a smaller charge relative to entropy. Regardless,
P has to be thermalized eventually. After thermalization
completes at the temperature Tth, the symmetry break-
ing field rotates with a vanishing ellipticity and with the
total charge nθR
3 conserved. The loss in the energy of P
which becomes the radiation energy after thermalization
is simply that associated with the radial motion. The re-
maining energy is that associated with a circular motion,
ρθ. The yield of the charge is then
Yθ =
nθ
s
= 
3Tth
4mS
,  ≡ nθρP
mS
− nθ '
A
mS
, (25)
and  . 1 measures the amount of angular rotations rel-
ative to radial oscillations.
After thermalization, the equation of motion fixes θ˙ =
mS , with which one can easily show by conservation of
energy and U(1) charge that |P | does not immediately
drop to fφ as usual thermalization does for a scalar with-
out a U(1) charge. Instead, |P | redshifts by the cosmic
expansion. The energy density of the circular rotation
decreases as R−3 (R−6) for |P |  fφ (|P | ' fφ). Right
after thermalization, the universe is still dominated by
5the circular rotation, but after the R−6 scaling begins,
the Universe is eventually dominated by the thermal bath
created by the aforementioned thermalization process.
We focus on the QCD axion and discuss whether suffi-
cient axion dark matter can be produced. From Eqs. (8)
and (25), the thermalization temperature needed to ob-
tain the observed dark matter abundance is
Tth ' 50 mS

(
fa
109 GeV
)
. (26)
Since Tth  mS , thermal dissipation is necessary.
Relevant for the thermalization rate, the effective de-
cay constant just after thermalization can be obtained by
energy and charge conservation, and reads
f2eff = 2|P |2 ' max
[
f2a , 
pi2g∗
60
T 4th
m2S
]
, (27)
We begin with the scenario where thermalization occurs
via scattering with gluons, with the rate given in Eq. (15).
Thermalization completes when Γ = 3H. From the de-
pendence of Γ on T , one can see that thermalization is
possible only if feff > fa, for which
Tth = 10
3 GeV
(
b
10−5
) 1
3 ( mS
TeV
) 2
3
. (28)
To obtain the dark matter abundance, this actual ther-
malization temperature has to be above or equal to that
in Eq. (26). (In the former case, the correct abundance
can be obtained by no matter domination by P or extra
dilution.) This leads to an upper bound on fa
fa . 109 GeV 2/3
(
105 GeV
mS
) 1
3
(
b
10−5
) 1
3
. (29)
This constraint with  = 1 is shown in Fig. 2 by
the negatively-sloped gray dashed line. The bound in
Eq. (16) also applies to the nearly quadratic potential,
shown by the positively-sloped gray dashed line. The de-
cay constant is predicted to be below O(109) GeV. Re-
markably, the required saxion mass comes out consistent
with TeV-PeV scale supersymmetry.
For dissipation by yPψψ¯ scattering, the rate is given
in Eq. (17) and we again obtain Eqs. (16) and (29) but
with b = 0.1. This constraint is shown in Fig. 2 by the
gray shaded region. A wider range of fa . 1011 GeV
becomes possible compared to gluon scatterings (gray
dashed lines), while larger values of mS become viable
compared to the case of the quartic potential (blue line).
Discussion.—In this Letter, we present the kinetic
misalignment mechanism where the axion abundance is
determined by the initial velocity as opposed to the initial
misalignment in the conventional misalignment mecha-
nism. Besides signals in axion searches in the mass range
O(0.1 − 100) meV, kinetic misalignment can provide a
unified origin of dark matter and the cosmological excess
of matter over antimatter [52]
Here we draw a connection of kinetic misalignment by
higher dimensional operators with parametric resonance
production we discussed in [39]. In both mechanisms, we
assume a large initial field value of the symmetry break-
ing field in the early universe. In [39], it is assumed
that the global symmetry is a good symmetry and the
saxion simply oscillates through the origin. Then axion
dark matter is produced by parametric resonance. In this
Letter, we assume alternatively that the global symme-
try is explicitly broken and a rotation is induced. The ki-
netic misalignment mechanism can hence be understood
as complementary to the production by parametric reso-
nance. Explicit PQ breaking might also lead to a signal
of a nonzero neutron electric dipole moment.
We assume the rotation remains coherent throughout
the Letter. If the radial direction of the global symme-
try breaking field has a potential flatter than a quadratic
one, instability is developed and the rotation fragments
into inhomogeneous configurations [69–72]. If the global
symmetry is unbroken in the vacuum, solitons called Q-
balls [73] are formed. In our case, it is unclear how the in-
homogeneity evolves since the symmetry is spontaneously
broken in the vacuum. In fact, the standard Q-ball solu-
tion, where the rotating field has a vanishing field value
at infinity, does not have a finite energy density in this
case. It will be interesting to investigate the fate of the
inhomogeneity and its impact on the axion abundance.
Acknowledgment.—The work was supported in part
by the DoE Early Career Grant de-sc0019225 (R.C.),
the DoE grants DE-AC02-05CH11231 (L.H.) and de-
sc0009988 (K.H.), the NSF grant NSF-1638509 (L.H.),
as well as the Raymond and Beverly Sackler Foundation
Fund (K.H.).
[1] G. ’t Hooft, Phys. Rev. Lett. 37, 8 (1976).
[2] R. J. Crewther, P. Di Vecchia, G. Veneziano, and
E. Witten, Phys. Lett. 88B, 123 (1979), [Erratum: Phys.
Lett.91B,487(1980)].
[3] C. A. Baker et al., Phys. Rev. Lett. 97, 131801 (2006),
arXiv:hep-ex/0602020 [hep-ex].
[4] R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440
(1977).
[5] R. D. Peccei and H. R. Quinn, Phys. Rev. D16, 1791
(1977).
[6] S. Weinberg, Phys. Rev. Lett. 40, 223 (1978).
[7] F. Wilczek, Phys. Rev. Lett. 40, 279 (1978).
[8] J. R. Ellis and K. A. Olive, Phys. Lett. B193, 525 (1987).
[9] G. Raffelt and D. Seckel, Phys. Rev. Lett. 60, 1793
(1988).
[10] M. S. Turner, Phys. Rev. Lett. 60, 1797 (1988).
[11] R. Mayle, J. R. Wilson, J. R. Ellis, K. A. Olive, D. N.
Schramm, and G. Steigman, Phys. Lett. B203, 188
(1988).
[12] G. G. Raffelt, Lect. Notes Phys. 741, 51 (2008),
arXiv:hep-ph/0611350 [hep-ph].
6[13] J. H. Chang, R. Essig, and S. D. McDermott, JHEP 09,
051 (2018), arXiv:1803.00993 [hep-ph].
[14] P. Carenza, T. Fischer, M. Giannotti, G. Guo,
G. Martinez-Pinedo, and A. Mirizzi, JHEP 10, 016
(2019), arXiv:1906.11844 [hep-ph].
[15] J. Preskill, M. B. Wise, and F. Wilczek, Phys. Lett.
120B, 127 (1983).
[16] L. F. Abbott and P. Sikivie, Phys. Lett. 120B, 133
(1983).
[17] M. Dine and W. Fischler, Phys. Lett. 120B, 137 (1983).
[18] I. Affleck and M. Dine, Nucl. Phys. B249, 361 (1985).
[19] M. Dine, L. Randall, and S. D. Thomas, Nucl. Phys.
B458, 291 (1996), arXiv:hep-ph/9507453 [hep-ph].
[20] R. Holman, S. D. H. Hsu, T. W. Kephart, E. W. Kolb,
R. Watkins, and L. M. Widrow, Phys. Lett. B282, 132
(1992), arXiv:hep-ph/9203206 [hep-ph].
[21] S. M. Barr and D. Seckel, Phys. Rev. D46, 539 (1992).
[22] M. Kamionkowski and J. March-Russell, Phys. Lett.
B282, 137 (1992), arXiv:hep-th/9202003 [hep-th].
[23] M. Dine (1992) arXiv:hep-th/9207045 [hep-th].
[24] J. K. Vogel et al. (2013) arXiv:1302.3273 [physics.ins-
det].
[25] E. Armengaud et al., JINST 9, T05002 (2014),
arXiv:1401.3233 [physics.ins-det].
[26] A. Arvanitaki and A. A. Geraci, Phys. Rev. Lett. 113,
161801 (2014), arXiv:1403.1290 [hep-ph].
[27] G. Rybka, A. Wagner, A. Brill, K. Ramos, R. Perci-
val, and K. Patel, Phys. Rev. D91, 011701 (2015),
arXiv:1403.3121 [physics.ins-det].
[28] P. Sikivie, Phys. Rev. Lett. 113, 201301 (2014),
arXiv:1409.2806 [hep-ph].
[29] A. Caldwell, G. Dvali, B. Majorovits, A. Millar, G. Raf-
felt, J. Redondo, O. Reimann, F. Simon, and F. Stef-
fen (MADMAX Working Group), Phys. Rev. Lett. 118,
091801 (2017), arXiv:1611.05865 [physics.ins-det].
[30] B. T. McAllister, G. Flower, E. N. Ivanov, M. Goryachev,
J. Bourhill, and M. E. Tobar, Phys. Dark Univ. 18, 67
(2017), arXiv:1706.00209 [physics.ins-det].
[31] V. Anastassopoulos et al. (TASTE), JINST 12, P11019
(2017), arXiv:1706.09378 [hep-ph].
[32] A. Arvanitaki, S. Dimopoulos, and K. Van Tilburg,
Phys. Rev. X8, 041001 (2018), arXiv:1709.05354 [hep-
ph].
[33] A. A. Geraci et al. (ARIADNE), Springer Proc. Phys.
211, 151 (2018), arXiv:1710.05413 [astro-ph.IM].
[34] M. Baryakhtar, J. Huang, and R. Lasenby, Phys. Rev.
D98, 035006 (2018), arXiv:1803.11455 [hep-ph].
[35] N. Du et al. (ADMX), Phys. Rev. Lett. 120, 151301
(2018), arXiv:1804.05750 [hep-ex].
[36] D. J. E. Marsh, K.-C. Fong, E. W. Lentz, L. Smejkal,
and M. N. Ali, Phys. Rev. Lett. 123, 121601 (2019),
arXiv:1807.08810 [hep-ph].
[37] M. Lawson, A. J. Millar, M. Pancaldi, E. Vitagliano,
and F. Wilczek, Phys. Rev. Lett. 123, 141802 (2019),
arXiv:1904.11872 [hep-ph].
[38] M. Zarei, S. Shakeri, M. Abdi, D. J. E. Marsh, and
S. Matarrese, (2019), arXiv:1910.09973 [hep-ph].
[39] R. T. Co, L. J. Hall, and K. Harigaya, Phys. Rev. Lett.
120, 211602 (2018), arXiv:1711.10486 [hep-ph].
[40] K. Harigaya and J. M. Leedom, (2019), arXiv:1910.04163
[hep-ph].
[41] M. S. Turner, Phys. Rev. D33, 889 (1986).
[42] D. H. Lyth, Phys. Rev. D45, 3394 (1992).
[43] L. Visinelli and P. Gondolo, Phys. Rev. D80, 035024
(2009), arXiv:0903.4377 [astro-ph.CO].
[44] R. T. Co, E. Gonzalez, and K. Harigaya, JHEP 05, 163
(2019), arXiv:1812.11192 [hep-ph].
[45] F. Takahashi and W. Yin, JHEP 10, 120 (2019),
arXiv:1908.06071 [hep-ph].
[46] T. Hiramatsu, M. Kawasaki, and K. Saikawa, JCAP
1108, 030 (2011), arXiv:1012.4558 [astro-ph.CO].
[47] T. Hiramatsu, M. Kawasaki, K. Saikawa, and
T. Sekiguchi, JCAP 1301, 001 (2013), arXiv:1207.3166
[hep-ph].
[48] M. Kawasaki, K. Saikawa, and T. Sekiguchi, Phys. Rev.
D91, 065014 (2015), arXiv:1412.0789 [hep-ph].
[49] A. Ringwald and K. Saikawa, Phys. Rev. D93, 085031
(2016), [Addendum: Phys. Rev.D94,no.4,049908(2016)],
arXiv:1512.06436 [hep-ph].
[50] K. Harigaya and M. Kawasaki, Phys. Lett. B782, 1
(2018), arXiv:1802.00579 [hep-ph].
[51] L. Visinelli and P. Gondolo, Phys. Rev. D81, 063508
(2010), arXiv:0912.0015 [astro-ph.CO].
[52] R. T. Co and K. Harigaya, (2019), arXiv:1910.02080
[hep-ph].
[53] P. Petreczky, H.-P. Schadler, and S. Sharma, Phys. Lett.
B762, 498 (2016), arXiv:1606.03145 [hep-lat].
[54] S. Borsanyi et al., Nature 539, 69 (2016),
arXiv:1606.07494 [hep-lat].
[55] F. Burger, E.-M. Ilgenfritz, M. P. Lombardo,
and A. Trunin, Phys. Rev. D98, 094501 (2018),
arXiv:1805.06001 [hep-lat].
[56] C. Bonati, M. D’Elia, G. Martinelli, F. Negro, F. Sanfil-
ippo, and A. Todaro, JHEP 11, 170 (2018).
[57] M. Gorghetto and G. Villadoro, (2018),
arXiv:1812.01008 [hep-ph].
[58] N. Ishizuka and M. Yoshimura, Prog. Theor. Phys. 84,
233 (1990).
[59] J. Yokoyama, Phys. Rev.D70, 103511 (2004), arXiv:hep-
ph/0406072 [hep-ph].
[60] M. Bastero-Gil, A. Berera, and R. O. Ramos, JCAP
1109, 033 (2011), arXiv:1008.1929 [hep-ph].
[61] M. Drewes, (2010), arXiv:1012.5380 [hep-th].
[62] K. Mukaida and K. Nakayama, JCAP 1301, 017 (2013),
arXiv:1208.3399 [hep-ph].
[63] K. Mukaida and K. Nakayama, JCAP 1303, 002 (2013),
arXiv:1212.4985 [hep-ph].
[64] P. Moxhay and K. Yamamoto, Phys. Lett. 151B, 363
(1985).
[65] N. Arkani-Hamed, G. F. Giudice, M. A. Luty, and
R. Rattazzi, Phys. Rev. D58, 115005 (1998), arXiv:hep-
ph/9803290 [hep-ph].
[66] T. Asaka and M. Yamaguchi, Phys. Lett. B437, 51
(1998), arXiv:hep-ph/9805449 [hep-ph].
[67] T. Asaka and M. Yamaguchi, Phys. Rev. D59, 125003
(1999), arXiv:hep-ph/9811451 [hep-ph].
[68] K. Harigaya, M. Ibe, M. Kawasaki, and T. T. Yanagida,
JCAP 1511, 003 (2015), arXiv:1507.00119 [hep-ph].
[69] A. Kusenko and M. E. Shaposhnikov, Phys. Lett. B418,
46 (1998), arXiv:hep-ph/9709492 [hep-ph].
[70] K. Enqvist and J. McDonald, Phys. Lett. B425, 309
(1998), arXiv:hep-ph/9711514 [hep-ph].
[71] K. Enqvist and J. McDonald, Nucl. Phys. B538, 321
(1999), arXiv:hep-ph/9803380 [hep-ph].
[72] S. Kasuya and M. Kawasaki, Phys. Rev. D61, 041301
(2000), arXiv:hep-ph/9909509 [hep-ph].
[73] S. R. Coleman, Nucl. Phys. B262, 263 (1985), [Erratum:
Nucl. Phys.B269,744(1986)].
